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While propagating in transparent media, near-infrared multi-terawatt (TW) laser beams break
up in a multitude of filaments of typically 100-200 um diameter with peak intensities as high as 10 to
100 TW/cm2. We observe a phase transition at incident beam intensities of 0.4 TW/cm2, where the
interaction between filaments induce solid-like 2-dimensional crystals with a 2.7 mm lattice constant,
independent of the initial beam diameter. Below 0.4 TW/cm2, we evidence a mixed phase state in
which some filaments are closely packed in localized clusters, nucleated on inhomogeneities (seeds)
in the transverse intensity profile of the beam, and other are sparse with almost no interaction with
their neighbors, similar to a gas. This analogy with a thermodynamic gas-solid phase transition is
confirmed by calculating the interaction Hamiltonian between neighboring filaments, which takes
into account the effect of diffraction, Kerr self-focusing and plasma generation. The shape of the
effective potential is close to a Morse potential with an equilibrium bond length close to the observed
value.
Many physical systems are well described by statisti-
cal models driven by nearest-neighbor interactions, such
as spin models [1–3]. Recently, we showed that the for-
mation of multiple filamentation patterns in high-power
ultrashort laser pulses also belong to this category [4, 5].
Laser filaments are produced in high-power, ultra-
short laser pulses propagating in air or other transpar-
ent media [6–8] by a dynamic balance between Kerr self-
focusing, and defocusing by higher-order non-linear ef-
fects including the ionization of the medium and other
polarization saturation terms [9, 10]. At 800 nm, this
balance clamps the filaments intensity to typically 50
TW/cm2 [11, 12].
Filaments cannot be considered as virtual optical fibers
guiding the light within their core: they continuously in-
teract and exchange energy with the photon bath sur-
rounding them [13–16]. This photon bath, also known as
energy reservoir [13, 17, 18], plays a key role in the fila-
mentation process. In particular, the photon bath feeds
the filament and balances its energy losses, allowing it to
self-heal after an obstacle [14–16] or extend its propaga-
tion distance [19].
In the case of multifilamentation, the laser energy
reservoir also mediates interactions between neighbor-
ing filaments [20–26]. This interaction is attractive if
the filaments are in phase, and repulsive if they are in
antiphase [27, 28], corresponding to constructive and
destructive interferences in the photon bath, respec-
tively. Previous theoretical and experimental studies
have shown that the relative phase between filaments is
mainly randomly driven by intensity fluctuations during
the collapse [29] and is then stabilized for the filaments
propagating after the collapse [30].
Recently we showed that at laser powers exceeding 100
TW, this mutual interaction limits the density of fila-
ments in the transverse beam profile [31], resulting in the
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rise of the photon bath intensity. As a consequence, the
photon bath effectively contributes to non-linear effects
like white-light generation [32] or laser-induced conden-
sation [33], resulting in an overall increase of the yield of
these processes.
The unexpected limitation of the number of filaments
in the beam cross-section by the available space instead
of the available power induced us to investigate this phe-
nomenon in more depth. Many previous studies ([34–
37])reported indeed that the number of filaments is di-
rectly proportional to the available power, and more pre-
cisely that the formation of each filament would require
typically 5 critical powers Pcr (Pcr is the minimum power
ensuring that self-focusing overcomes diffraction [38]).
Since the space-limited filament formation was observed
at 100 TW, this suggested the existence of a threshold
between 2 different regimes.
Here we show that this transition is generic (also for
lower powers), that the driving parameter of this transi-
tion is intensity and not power, and that for NIR multi-
Terawatt beams it occurs at an intensity of 0.4 TW/cm2.
Above this threshold, the density of filaments is not lim-
ited by the available power , but by their mutual in-
teraction. In this situation, the local filament density
saturates around 12 cm−2, with fixed characteristic dis-
tances, which reminds the structure of a solid. The two
regimes can thus be considered as two phases, one close
to a gas, where filaments have negligible interaction, and
one close to a solid, where distances are determined by
the balance between attractive (Kerr effect) and repul-
sive interactions (diffraction and plasma generation). A
transition between these two phases induced, in our case,
by increasing the equivalent of a pressure, i.e. the light
intensity over the beam section. Our work therefore of-
fers an analogy between atomic/solid state physics and
multi-filamentation phenomena, where the organisation
of filaments in the transverse beam of a given intensity
is similar to that of molecules for a given pressure.
The evolution of the filament number in the beam sec-
tion was investigated over 45 m in the free atmosphere
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2with the Teramobile laser [39], which produced at 800 nm
either 130 fs pulses with an energy tunable from 10 to
100 mJ in an 8 mm diameter beam (FWHM) (0.15 -
1.5 TW/cm2), or 50 to 400 mJ, 180 fs pulses in a 30 mm
beam (40 - 275 MW/cm2). Both beams were emitted
collimated (i.e., unfocused).
Beam profiles of individual pulses were recorded by
a digital camera (Nikon D90, Macro-Zeiss f=2/100 mm
ZF.2 lens) through a long-pass 750 nm filter. Simultane-
ously, a pre-calibrated photodiode monitored the energy
of each individual pulse in order to take into account the
input energy fluctuations related to the laser operation
(typically ±10%) and assign actual intensities to each
recorded image.
Data were recorded at four distances, upstream, close
to and downstream of the non-linear focus, which was
measured at 7 m and 20 m from the laser exit for the
8 mm and the 30 mm beam, respectively. Single-pulse
beam profiles and pulse energies were recorded at each
distance. Filaments were identified as bright disks of di-
ameter between 0.2 and 0.5 mm [12 - 30 pixels], using a
circular Hough transform (Matlab function imfindcircle).
The resulting filaments number and individual positions
were used to compute the filaments surface density, as
well as the nearest neighbor distance in each condition.
These results were then averaged over 40 energy bins.
The error bars displayed in the following figures show
the standard deviation evaluated from these statistics.
To get rid of the fact that the filamenting region shifts
towards shorter distances when the intensity is increased,
the results presented for each intensity bin correspond to
the region where the filament number was maximum.
As displayed in Figure 1(a), the beam-averaged fil-
ament density rises almost linearly (R2 = 0.94 for all
points below 0.4 TW/cm2) with the beam-averaged in-
cident intensity, until it saturates at a typical packing
density of 12 cm−2 for intensities above ≈ 0.4 TW/cm2.
These saturation density and sub-TW/cm2 intensity val-
ues are in line with what was estimated by [31], i.e.
10 cm−2 and 0.2 TW/cm2. The fact that the present
experiment is performed at a 100 times lower peak power
and beam cross section than those of [31] demonstrates
the universality of the saturation of the filament density
at high intensities, regardless of the influence of the beam
boundaries.
This transition to the regime where the interaction be-
tween filaments dominates (solid-like phase) appears to
imply a rich physics when comparing our data with pre-
vious studies, traditionally expressed in terms of num-
ber of critical powers per filament (with Pcr = 4 GW
[31, 40, 41]). For intensities exceeding the 0.4 TW/cm2
threshold for condensation, we observe that the number
of critical powers per filament increases linearly with the
incident intensity due to the saturation of the filament
number. Conversely, below 0.06 TW/cm2, various multi-
filamentation data from the literature ([34–37]) fit to the
value of 5 Pcr per filament, typical of the power-limited
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FIG. 1. Experimental averaged filament density in the beam
profile as a function of the averaged intensity (a), for the
two beam geometries of our multi-Terwatt near-infrared laser.
Mean nearest-neighbor distance and characteristic distance
d = 1/
√
σ, where σ is the mean filament density as a function
of the incident intensity, in (b) the 3 cm diameter beam , and
(c) the 0.8 cm diameter beams.
regime (gas-like phase) [31]. Between these two phases,
we identify a new mixed phase state, where both gas
and solid co-exist. In this regime, the number of power
amounts 10 to 20 Pcr per filament.
To better understand this mixed-phase, characterized
by intensities lower than the phase transition thresh-
old, we calculated the mean nearest-neighbor distance
of the filaments for energy bins corresponding to 40 sin-
gle shot pictures of the beam each. We compared this
average nearest-neighbor distance with a characteristic
inter-filament distance calculated as d = 1/
√
σ, where σ
is the filaments surface density in the beam profile.
The transition from the gas phase to the solid phase is
evidenced by the decrease of both the nearest-neighbor
distance and the characteristic distance d (Figure 1(b-
c)). The nearest-neighbor distance decreases to a con-
stant plateau at 2.7 mm when the incident beam in-
tensity is above 0.4 TW/cm2 (Figure 1(c)). Below this
threshold (Figure 1(b)), the characteristic distance in the
3 cm beam is divided by a factor 3 over the intensity
range while the nearest-neighbor distance decreases only
by 20%.
This means that filaments are not randomly dis-
tributed but rather packed into particular regions of the
beam. This behavior is illustrated in Figure 2, where
each dot corresponds to the occurrence of a single fila-
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FIG. 2. Superposition of the filaments detected over 200 single-shot images for the 3 cm beam (a-c) and the 8 mm beam (d-f)
displayed in three classes of average incident beam intensities for clarity. Each pattern of filaments corresponding to the same
incident beam intensity is displayed with the same color. The wandering range region of each individual filament is marked as
a black circle. An example of individual pattern is displayed in Figure 1 of the supplementary materials.
ment over 200 pulses accumulation, and the black circles
evidences the shot-to-shot wandering region of each in-
dividual filament. Below 0.4 TW/cm2, filaments do not
cover the whole beam profile, but form dense clusters
with a typical nearest-neighbor distance of 2.7 mm. In-
creasing intensity mainly leads to the growth of the ex-
isting packed regions until the whole beam is saturated.
In other words, the local inhomogeneities in the beam
profile act as seeds for local nucleation/deposition of the
solid phase appearing as packed black circles in Figure 2.
In the 8 mm beam, nearest neighbor distance and char-
acteristic distance behave similarly (Figure 1(c)), show-
ing that the mixed phase plays a minor role in the small
beam. Furthermore, this phase is harder to evidence due
to the low number of filaments (see Figure 2(d)). When
increasing the intensity, the small size available and the
more homogeneous profile allow the formation of a solid
pattern covering the whole beam cross-section (Figure
2(e-f)).
The nearest-neighbor distance of 2.7 mm corresponds
to a density of 13.7 cm−2 for a square lattice, and
15.8 cm−2 for a close-packed (honeycomb) lattice,
slightly above the previously reported beam-averaged
space-limited density of 10 cm−2 [31]. As the nearest-
neighbor distance is representative of the equilibrium dis-
tance of the filaments interaction, the fixed value of the
former (plateau in Figure 1(c)) indicates that filaments
form a solid with a characteristic Wigner-Seitz constant
of 2.7 mm. The statistical analysis of the pictures also
provides access to the pulse to pulse wandering of each
individual filament and thus an analogy of a temperature
(linked to the intensity fluctuations in the beam profile).
For filaments in the gas phase (i.e. isolated filaments and
I < 0.4 TW/cm2) the variance on the position amounts
0.20–0.22 cm−2, while for filaments in the solid phase
(I > 0.4 TW/cm2) the variance drastically decreases to
0.06–0.07 cm−2, in agreement with a stronger binding
potential between filaments.
The presence of the solid-like interaction between fil-
aments can be modelled by considering the Hamiltonian
associated to the two-dimensional nonlinear Schro¨dinger
equation, that describes the beam propagation. We con-
sider here its normalised version:
i∂ηψ + ∆ψ + f(|ψ|2)ψ = 0 (1)
where ψ is the complex amplitude of the electric field,
η is the normalised propagation coordinate, ∆ the trans-
verse Laplacian which accounts for geometrical diffrac-
tion, and the function f describes the nonlinear mecha-
nisms at play.
Notice that we focus here on the interaction between
already established filaments propagating in a stabilized
regime, not their formation during the self-focusing, pre-
collapse, phase. We consider in the f function the Kerr
effect and the defocusing due to plasma (ionization with
K photons):
f(|ψ|2) = |ψ|2 − |ψ|2K (2)
The Hamiltonian associated to this equation is H =∫ Hdr with:
H = −|ψ|
4
2
+ |∇ψ|2 + |ψ|
2(K+1)
K + 1
(3)
4Following the pioneering work from L. Berge et al. [20],
we then study the interaction between two filaments by
considering ψ as the superposition of two localised Gaus-
sian beamlets:
ψ(r, δ, θ,N) =
√
N
piρ2
[
e−r
2/(2ρ2) + e−(r−δ)
2/(2ρ2)+iθ
]
Where δ is the distance between the beamlets and θ
their relative phase. For the sake of simplicity, both
beamlets have same power N and radius ρ. For a fila-
ment diameter of 150 µm, the maximum intensity in the
beamlet corresponding to one critical power (P = Pcr,
N = 4pi here [42], 4 GW at 800 nm) is 5.6 TW/cm2. We
then calculate numerically the interaction Hamiltonian
(using the chebfun library in matlab [43]):
Hint(δ, θ,N) = H(δ, θ,N)−H(∞, θ,N)
0
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FIG. 3. Interaction potential between two filaments of power
P = 0.2 Pcr as a function of the inter-filament distance δ and
their relative phase θ
Figure 3 displays the calculated Hamiltonian as a func-
tion of both δ and θ, for a moderate power P = 0.2Pcr
(corresponding to 1.12 TW/cm2 maximum intensity).
The curve exhibits a saddle shape, with a turning point
for θ = pi/2 and δ ' 1.5ρ. One side of the saddle
(θ > pi/2) leads to merging of the two filaments (i.e.
Hint is min when δ = 0), while the other part (θ < pi/2)
leads to a ”Morse-like” potential with an equilibrium dis-
tance δeq > 0. The analogy with a diatomic molecule is
quite remarkable. The overall shape of this curve is kept
when increasing the power although the amplitudes of
the negative and positive peaks for δ = 0 become orders
of magnitude larger than the peaks for δ > 0. The bond-
ing potential observed for θ < pi/2 is the result of the
attractive part due to the Kerr effect (filaments in phase
tend to merge because of self-focusing) and the repulsive
effect of the plasma (reducing the inter-filament distance
creates more plasma that repel the filaments away from
each other). If we now consider that formed and coexist-
ing filaments are in phase [30], we see in Figure 4(b) and
(c) that δeq increases with the power and tends to con-
verge to δ = 9ρ, that is 1.35 mm for ρ = 150 µm. This
value, although a factor 2 smaller than the observed one
(2.7 mm) is still comparable, especially considering that
we calculated the interaction between only two filaments
(like the bond length in a diatomic molecule) and not a
2D lattice. Clearly, the equilibrium distance will increase
in this latter case (a factor 1.5 is typical between the
equilibrium distance in a dimer and the lattice constant
in the equivalent solid). The energy gained by forming
a solid-like structure reduces when the power increases
(Figure 4(a)), because of the dominant repulsive effect of
the plasma.
Although the values of the transition thresholds and
of the inter-filaments distances are specific to NIR pulses
propagating at atmospheric pressure, the phenomenon it-
self (transition between different phases of filamentation)
and its description are valid for a wide range of mutlifila-
mentation processes in the sense that it requires only the
competition of self-focusing and self-defocusing effects.
It should be noted that although the present model is
able to qualitatively explain the essence of the observed
phenomenons, modelling filaments with a gaussian shape
and a uniform phase is a crude model. Further mod-
elling should include realistic intensity flux [44, 45] and
intensity shapes [46], and advanced phase profile such as
the recently studied spatio-temporal optical vortices [30].
Such features will expectedly improve the description of
inter-filament interactions.
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FIG. 4. (a): interaction Hamiltonian for 0 < P < 2.5Pcr
and θ = 0 function of the inter-filament distance δ. Evolu-
tion of (b): the equilibrium distance and (c): the equilibrium
Hamiltonian value of the curves displayed in (a).
We have investigated the transition between a multi-
filamentation regime with weak interfilament interaction
5(gas-like) to a regime with strong interfilament interac-
tion (solid-like). This transition is driven by the incident
local beam intensity, which plays the role of pressure in
our analogy. We evidence a mixed phase state occurring
for intensities between 0.06 TW/cm2 and 0.4 TW/cm2
for a near-infrared beam, in which filaments are closely
packed in localized clusters, probably nucleated on in-
homogeneities in the transverse intensity profile of the
beam. The density in these clusters is almost constant,
while the remaining of the beam, initially void of fila-
ments, progressively fills up as the clusters spread over
the whole profile when the incident intensity is increased.
These findings are confirmed by considering and cal-
culating the interaction Hamiltonian between two fila-
ments, taking into account the effect of diffraction, Kerr
and plasma(see Equation 3). This simple model suggests
that filaments interact with an effective potential, which
shares fundamental characteristics with an atomic model:
the shape of the potential is the result of the counteract-
ing actions of the short-range repulsion of the plasma
(defocusing) and the longer-range attraction of the Kerr
effect (focusing). The resulting bond length (equilibrium
distance) is a signature of this trade-off. Similarly, the
potential curve is dependant on the relative phase be-
tween the two interacting filaments. This behaviour re-
minds a diatomic molecular orbital (MO) formed by lin-
early superposing the two orbitals of the individual atoms
(AO) in the orbital approximation: the relative phase be-
tween the two AO determines indeed whether the molec-
ular state will be bonding or anti-bonding.
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